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FOREWORD

The present reaort aumnimarines the phase diagram investigations
carried out over a four-year period under USAF Contract No. AF 33('15)-1Z49.
Tht. program was initiated under Prcject No. 7350, Task No. 735001,. on
I January 1964 and continued under a two-year extension effort through 1967.
Also contained in this compilation are phase diagram data gathered un.der two
cther Air Force programs, Ar 33(615)_67-C-1513 and ITRI Subcont:ract P.O.
No. 3794Z, over the time period from April 1967 through April 1969.

All experimental investigations were carried out at the Materials Research
Laboratory, Aerojet-3eneral Corporatis-n, Sacramento, while part of the final
data red,iction and evaluation was performed by the author at the Oregon Graduate
Center in Portland, Oregon. The contract was administered under the direction
of the Air Force Matt.rials Laboratory, Wright-Patterson Air Force Base. The
pro ect engineers weire Capt. R.A. Pe.terson (1964) and Capt. P.J. Marchiando
(MAMCI 11965 to 1963). Dr. E. Rudy, Aerojet-General Corporation (now at the
Oregon Graduate Center, Portland, Oregon), served as principal investigator,
and Prof. Dr. H. Nowotny, University of Vienna, as consultant on the first
project.

Personnel who contributed in full, or in part, to the program incl.uded-
E. Rudy (principal irnvestigator), C.E. Brukl, St. Windisch, D.P. Harmon,r
J.R. Hof[rran, Y.A. Chang, T.E. Eckert, J. Pojmnodoro. R. Cobb, and
F. Taylor.

A total of 44 Technical Reports, covering in detail the phase diagram
work, as well as the thermochemical calculations performed on the individual

systems, were issued in the course of the programs. Additional studies on
binary transition metal systems during the same time period were only of
peripheral interest to the overall scope of the program and were, therefore,
not reporte-i formally. It was decided, however, to include these phase diagram
data in this Sumnary Rep.ort.

The titles of the documentary reports which have been published pre-
viously, or are presently in print, are listed below.

Reports issued ur.der U.S. Air Force Contract AF 33(615)-_14t9.

Part I. Related Binaries

Volume I \.o-C System
Volulme 1I Ti-C and Z;:-C Systems
Volume WI Systems Mc-B and W-B

] ii



FOREWORD (Cont'd)

Volume IV H-f-C System
Volume V 14-C System. Partial Investigations ii the

Systems V-C and Nb-C
Volume VI IV-C System. Supplemental Information o~n the

Mo-C System
Volume VII Ti-B System
Volume VUII ZrB System
Volume IX Hi -B Syvstem
Volume X V-3, Nb-B and Ta-B Systems
Volume XI Fin'al Ri ,port on the Mo-C System
Volume X11 Revision of the Vanadium-Carbon and Nilobium-

Carbon Systems
Volume X111 The Zi~rconium -Silicon and Hafnium-Silicon

Systemis
Volumne XIV Constitution of the Ha fnium -Vanadium and

HafInium -Chromium Systems

Part 11. Ternary Systemrn

Volume I Ta-Hf-C System
Volume UI Ti-Ta-C System

Volume III Zr-Ta-C System '
Volume IV Ti-Zr-C, Ti-Hf-C, and Zr-Hf-C Sycteinti
Volume V Ti-Hf-B System
Volume VI Zy--Hf-B System
Volume VII Systems Ti-Si-C, Nb-Si-C, and WV-Si.-C
Volume VIII Ta-W-C System
Volt me IX Zr-W-B System. Paeucio-Binary System TaB2-HfBz

Volume X Systems Zr-Si-C, Hf-Si-C, Zr-Si-B, and Hf-Si-B r
Volume XII Ti-Zr-B Systemn
Volume XILI Phase Diagrams of the Systems 'ri-B-C, Zr-B-C,-

dLyd ru-B-k.
Volume XIV The H-ain ium -I ridiumn-Boron System
Volume XV Constitution of Niobium -Molybdenum -Carbon

Alloys
Volumne XVI The Vanadium -Niobium - Ca~ rbon System1=Volume XVII C:onstitution of Ternary Ta-Mo-C Alloys
Volume XVIII Constitution of Ternary Nb-W-C Alloys

t ~Part HIII Special Experimental Techniques

Volume I. High Temperature Differential Thermal Analysis
Volume Ii A Firani-Furnace far the Precj~ion Delermina-

tion of the Me~ting Temnperat*-..es of Refractory
k Metallic Substances

Part IV. Thermochemnical Calculatiouc

Volume I Thermodynamic Proverties of Grotp !V, V, and

Vi Binaiy Tranuition Metal Carboides
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FOKEWOR D (Cont'd,

V,'lurme II Thermody'namic In't -r.re::m'--or of Ternary, Phase

Diagram-!
Vouine III Computational Approac-, ;1 to the Calculation of

Ternary Phase DLagraxus.

Reports isutl - under_ .!,.. A..:z _For,.e Coi.tract AF 33(615)-67..C-! 513

Voluni I. The Phase Diagrams Ti-Nb-C, Ti-Ta-C. and
Ti-Mo-C'

Volume I1. Effect of Rhenium and Aluminum Additions on
the Metal-Rich Equilibria in the Systems
Ti-Mvlo-C and Ti-Nb-C

Volume III Phase Stud.es in the Systems V-Ta-C and
Nb-Ta-C

Volume IV Effect of Molybdenum and Tungrten on the Sub-
carbide Solutions in the Systems Ta-V. C
and Ta-Nb-C.

Volume V The Phase Diagram W-B-C
Volume VI Phase Equilibria in the Metal-Rich Region of the

System Hf-Ta-N
Volume VII The Phase Diagram Ti-V-C

This Compendium has been reviewed and is -.pproved.

W. G. RAMKE I
Chief Cera-iALb and Graphite Branch
Metals and Ceramics Division

Air Force Materials Laboratory
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ABSTRACT

This report conta.ns a suimmary o. the phast diagram
work conducted under U.S. Air Force Contracts AF 33(615)-1Z49
and AF 33(615)-67-C-1513 over the time period from 1 January
1964 through April 1969. Systems studied include binary transi-
tion metal systems, binaiy and ternary systems of refractory
transition metals with carbon, boron, silicon, and nitrogen, and
selected concentration-temperature sections of higher order
systems involving the same elementp.
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1. INTRODUCTION AND REPORT ORGANIZATION

Introduction

The phase diagram data presented in this report contain the essexntial

results of a five year effort on alloy constitution studies at the Materials

Research Laboratori of Aerojet-General Corporation in Sacramento, California.

From the wealth of available experimental data it became evident

towards the end of the project, that niuch o! the essential information might

become lost in the details of the documentary reports p'ibliahed on the individual

systems; furthermore, the distribution of these documentary reports Was

limited and thus the inform.tion was available only to a fairly small number

of individuals. After several meetings with Air Force technical personnel

monitoring the research effort, notii.,wy Messrs. J. Krochmal, W. Ramke, and

Capt. P.J. Marchiando of the Ceramics and Graphite Branch at Wright-

Patterson Air Force Base, it was decided to extract the salient data from the

individual sy,'t-, m reports and combine them in a single volume compendium.

Although the temporary value of a mere data collection was realized,

it was felt that such a summary volume might provide a convenient source of

ieL. temperature phase equilibriuxim data in this tecutically important class of

systems, especially since most of the data are new anc: unpublished. It ia

planned to have this report followed by a more comprenensive and detailed

publication at some lator datt .

Report Organization

The wealth of detailed phase equilibrium data has forced us to make

coir prornises in respect to amount and detail of the material presented. Thus,

ttc >-Žep th size of the volume within reason 4ble limits, only the most .:npor.

ta,n' references wer. included and short dicct ssions were limited ;o those

I --



systems on which no previously published documentary reports are available

for further reference. Brief remarks were also added in the re'erence

section in instances where recent findings have superseded some of the earlier

data.

The phase diagrams of the various systems are grouped in the report

in the order shown below (Me, Mel, Mez = refractory transition metal):

I . Binary Sysiems Mel..Me2

2. Binary Systems Me-C-

3. Binary Systems Me-B

4. Binary Systems Me-Si

5. Ternary Systems Mel-Mez-C

6. Ternary Systems Me-Si-C

7. Tel nary Systems Me-Si-B

8. Ternary Syete,.e - ej-Me--B

9. Ternary Systems Me-B-C

10. Ternary Systems Me l -Mez-N

The general order in which the indiAdual systems from a given alloy

group are presented follows Ihe group number of the component metals in

the periodic system and proceeding from the lighter to the heavier elements.

Thus, for -wmm1e, the ternary systems Me 1 -Mez-C begin with Ti-Z.r-C

• 2



and continue through Ti-W-C. Next, all zirrconium-containing systems,

beginning with Zr-Mf-C, are listed, then all hafnium systems, and so forth.

The part of the report containing the phase diagram data collection is

preceded by a compilation oi the mont important references and, in some

instances, also a short description of the results leading to the finally accepted

phase diagram.

II. NOTES AND REFERENCES TO THE, PHASE DIAGRAM COLLECTION

CONTAINED IN THIS COMPENDIUM

A. BINARY TRANSITION METAL SYSTEMS

The work on the transition metal binaries was conducted

over the time period from May through A agust 1967. While of only peripheral

interest in the overall scope of the program, the investiii.tion of these systems

has not been covered in separate documentary reports; a brief description

of some of the systems is therefore given in sections preceding the references.

Section INi.A. 1. Ti-Z.=:-System

The finally adopted phase diagram, Figure 1, is based

(1) (1,2)
mainly on the work by E.T. Nayes et al-1. Early melting point data are

supplemented by measurements carried out in this laboratory (Figure 2). Th2,

reported a.-p-transformation temperatures reported are compiled in Figure 3,
(1)

preference being given to the data by E.T. Hayes et al. and by P.A. Yarrar

and S.A. Adler(3). Lattice parameter data are shown in Figure 4. Further

references may be found in the handbooks listed under (4), (5), and (6).
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Major References:

(1U E.T. Hayes, A.H. Robercon, and O.G. Paasche: USBM Report
No. 48Z6, No%,. 1951.

.(2) J.D. Fast: Rec. Tray. Chim. 58 (1939), 973.

(3,, P.A. Farrar and S.A. Adler: Trans. AIME 236 (1966), 1061

(4) M. Hansen: Constitution of Bin.ry Alloys (McGraw-Hill, New York.

1958).

(5) R.P. Elliott: Constitition of Binary Alloys, First Supplement
(McGraw-Hill, New York, 1965).

"W.B. Pearson: Handbook of Lattice Spacings and Structure, of Metals
and Alloys (Pergamon Press, New York, 1958); Volume 2 (Pergamon
Press, New York, 1967).

Section II. A. Z. Ti-I--Systemn

Major References:

(0) E.T. Hayer and D.K. Deardorff- USBM-U-345 (1957).

(?% Y.A. Chaig: USAF Tech. Reot. AFML-TR-65-Z, Part U, Vol.V
(May 1966).

(3) M. Harsen: Constitution of Binary Alloys (McGru:,r-Hill, New York,
1958).

(4) R.P. Elliott: Cor,'ititution of Binary Alloys, First Supplement

(McGraw-Hill, Nzw York, 1965,.

(5) W. B. Pers,) . Harcdbook of Lattice Spacings and Structures of
Metals and Al]ey'r (Pergamon Preqs, New York, 1958); Volume 2
(Perga-non Pre6s, New York, 1967).
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Section I . .3, Ti-V Sy'stem -

Major References:

S(1) H.K. Ad;nstogdt, J.R. Peguinotand J.M. Rayner: Trans. ASM 44

(095Z), 9W0.

(Z) P. Pietroko%%sky and P. Du,-nez: Trans, AIME 19_.44 (195Z), 6Z7.

(3) F. Ermains. P.A. Farrar. and H. Margolin: Trans. AIME Z21(1961), 904.

(4) M. Hansen, eonstitution of Binary Allo•ms (McGraw-Hill, New York
19 5b).

(5) R. P. Elliott: Constitution of Binary Alloys, Fir st Supplement
(McGratw-Hill, New York, 95.

Wc W.B, Pearson: Handbook of Lattice Spacings and St~ructures of Metals
adAoys (Pergamo res New York, 1958), Volume Z {P-ergamon

Pr-ess.Nw York, 1967).

Sectior HII.A.4. Ti-Nb System

Major References:

(1) M. isansev. E.L. Kamen, H.D. K~essler and D.J. McPherson: Tians.
AIME 191 ()951), 881.AF,

(Z) M. hansen: constimi-on of DBnary Alloys (McGraw-Hill, N.iw York -
1958).

(3) R.P. Elliott: Constitution of Binary Alloys, First Supplement
(McGraw-Hill.New York, 1965). v

(4) W.B. Pearson: Haudbook of Lattice Spacings and Structures of Metals
and Alloys (Pergamon Press, Ne,. :rk, 1958); Volume Z (Pergamon
]iress, New York. 1967).
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Section III.A. 5. Ti-Ta Syste~m

Majoz References:

(1) D. Summers-Smith: J. 1-,st. Met. 81 (1952/1953), 73.

(2) D.J. Maykuth, H.R. Ogden. andR.I. Jaffee" Trans. AIME 197
(1953), Z31.

(3) P.B. Budberg and K.J. Shakova: Izvest, Akad. Nauk. SSSR., Neorg.
Mat. 3 (19671. 6S6.

(4) M. Hansen: Constitution of Binazr Alio=s (McGraw-Hill, New York,
1958).

(5) R.P. Elliott: Constitution of Binary Alloys, First Supplement
(McGraw-Hill, New York, 1965).

(6) W.B. Pearson: Handbook of Lattice Sacings and Structures of
Metals and A.1ys (Pergamon Press, New York, 1958); Volume 2
(Perga-on Press, New York, 1967).

Section III.A.6. Ti-Cr System

Major References:

(1) R.J. VanThyne, Hi.D. Kessler, and M. Hansen: Trans. ASM 44
(1952), 974.

(2) P.A. Faxrar and H. Margolin: Trans. AIME 2Z7 (1963), 134Z.

(3) M.K. McQuillan: J. Inst. Met. 79 (1951), 379.

(4) F. Ermains, P.A. Farrar, and H, Margolin: Trans. AIME 221
(1961), 904.

(5) F..B. Cuff, N.J. Grant, and C.F. Floe: Trans. AIME 194 (1952), 848.

(6) W.S. Micheev: Trud. Inst. Met. Baikova No.2, Izd. Ak- . Nauk
SSSR (Moskan 1957). i54.

ý7) M. I-.nsen' Constitution of Binary.Alloys (McGraw-Hill, New York, 1958).

(8) R. P. Elliott: Constitution of Binary Alloys, First Supplement
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SectionlII.A. 13 Zr-Cr System

The constitution diagram established by us in general

confirms previous work by E.T. Hayes et al. (1), and R.F.Domagala. et al.
(34)The allotropy of the ZrCr 4 also was confirmed. Quenching stbidies con- a

clusively showed the C 14-type modification to be the high temperaure polnmorph, -

whcrcas the C 15-type laves phase forms the stable modification below approxi-

mately 1600C (a ý 7,197 XJ to a = 7.219 JR. These findings are in accord witha

those of G.G. Jordan and P. Duwez( 4 ). 3
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SectionEEK.A. 14 Zr-Mo System

In the revised phase diagrc_-m,F~girc LII.A.14.l,a n-inirnum

in the P-Zr solid solution and a peritectic reaction isothel rn L + P,-Zr + ZrMo2

replaces the eutectic reaction at 1520 C proposed by R. F. Domagala et al."().

The new results are based on carefui melting point dettcrminations~flgire I11LA.14.Z,

lattice parameter measurements. Flarm IV.A.14.3 and IVA.A14.4,hit eqxially wi netal-

lographic studies on heat-treated and quenchei4. alloys. The supersaturated

i3-(Zr. Mo) solid solution conta inin6, more tiuan - ZO At% Mo disproportionate s
very rapidly upon coolini6 ;zd *... L.-sulting precipitation structures very closely

resemble (compare the micrographic series shown below) eutectic struc-

tures; this may explain the previous finding of an eutectic by R.F. Domagala

et al. 1 ).

The homogeneity range of the only intermediate phase,

ZrMo2 , must be very small, because no variation of the lattice parameter

witih ii~ comuouition could be dec-ect-d. hin the average, a = 7.600 + 0.06i 0

were measured for the cubic, C15-typo. phase; this parameter agrees well

with data reported in the literature(4)'
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2 iues at 
. IC*

2econd.e at&9CC Dd Cooled at I 120-C per

13 -(Zr, Mo) Solid Solution Showing Inter - and Intragranular
Nucleation Centers for the Precipitation of ZrMo.

Figure (b): Same Alloy as in Figure (a), but Cooled at '-I 0C X400per Second from 15900C.
Partially Composed P-Zr Solid Solution.
XLP~yAnalysis: AP(2r, Mo)-su Conta~inmzg Vproxi-

mately 20 At'% M% (a 3.50 A) arnd
ZrMoz (as 7.600 A).



SFigure (c.%- Zr-Mo (66-34 At%) Melted, Reequilibrated at 1590°C XZ50

and Coolod at -- 100"C per Second.

Note Beginning Decomposition of the P-P•hase.! ~ ~X-Rqay: Mostly AZ, a = 3.435 ,

I

Figure (d): Same Alloy as (c), butt Coowed at Less Than Z0°C X4Z 5
per Second from 1590*C.

Note the Close Resemblance of the Disproportionation
Structure to a Eutectic or Eutectoid Structure.

121
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Figurt (e): Zr-Mo (66-34 At%). Melted and Quenched. X375

Peritectic Reaction Structure
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Section III.A.15 Zr-W System

The phase relationships in the zirconium-tungsten
(1)

systemA were recently reexamined in this laboratory by Y.A. Chang The

general features of the resulting diagram, Figure 1, correspond to those

originally established by R.F. Domagala et al.). For the P -Zr + ZrWz

eutectic temperature, our data confirm the measurements by G.A. Geach

et al. being somewhat at variance with the values given in (2).
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Section LI.A. 16.1 -I-f-V System

Pr'tvius investigations of the system by S. KomjathyI) I
are considerably at variance with more recent work done at the U.S. Bureau

of Mines (2) With the exception of a peritectic isotherrc, L + V Z HfV2 at

1480' proposed in the latter work, the redetermination of the phase relation-

(3)
ships in this laboratory is in good agreement with the investigation at the

U.S. Bureau of Mines. Lattice parameters of a = 7.398 A (Hf-rich) to

a = 7.386 A (V-rich) for the cubic, C15-type, HfV2 phase (3) fall into the range
(4-6)

of values reported earlier in the literature
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Section Il1.A. 17 Hf-Nb System

The melting temperatures of Hf-Nb alloys determined

in this laboratory support the occurrence of a melting point minimum such as

proposed by M.A. Tylkir-a et al.W)

The metallographic and X-ray diffraction evidence aiso

supports this finding, since alloys located at, or in the vicinity of, the

position cf the suspected melting point minirrum proved to be unctcred after

quenching from liquidus temperatures. -
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Fe-tion III.A. 19 Hf-Cr System

The or.ly previously available information concerned

existence and structure of the intermediate phase HfCr z' 2. HfCr 2 is

dimorphic, having a hexagonal, CI4 (MgZnZ) type of structure (a = 5.067

c 8.237 .) up to 1000°C, and a cubic, CI5-type structure (a = 7. 15 X) above

1Z00°C(, The polymorphy of HfCr 2 was cornfrmed by S.P. Alisova et al.

but the MgZn -type attributed to the high temperature polymorph, whereas t h,-

C15-type (a -4.Z6 R was said to be stable below approximately II00°C.

Our experiments (4) ascertained the C14-modification to be the stable fori, at h,

ternpeiatures; the phase has a noticeable homogeneity range at elevated tern-

peratures, extending from approximately 64 At.% Cr (a = 5. 090 X, c 5.25 Q7

to U,7 At.% Cr (a = 5. 05t ý , c = 8.21 X) at 1500-C.
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Section III.A.20 Hf-Mo System

Except for some details concerning the phase equilibria

in the hafnium-rich region cf the system, our work confirms the previous

investigations by A. Taylor et al,('). The solidus liquidus temperatures in

hafnium-rich alloys are separated by only a very small temperature interval,

as evidenced by the melting behLavicr as well a-, by the fact that practically

no coring could be observed metallographically and by X-rays in alloys

quenched from the liquid state. While there appears little question concern-

ing the polymorphous nature of HffMo2 ~' Z), experiments conducted under the

present progrann indicate the occurrence of the different modifications to be

more affected by the stoichiometry of the alloys than indicated in the work

by (1). Since the transformation behavior of HfMo2 does not appear to be V

siifficiently delineated, it is Lot shown in the diagram depicted in Figure 1-
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Section II. A.21 Hf-W SystemLI

The melting isotherms determined in this work agreeg.Ruy1)

within the error limits with e•.rlier measurements by H. Braun and E.Rudy

however, the composition of the nonvariant melts as well as the eutectoid,

as determined in thi-- work, clearly are in favor of the data reported by

B.C. Giessen et al.
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Section Ii0.A. 31 Ta-Cr Sý,sten__m

In addition to the lattice parameter measurements on

the hexagonal (C 14-type) high temperature modification of TaCr 2 ,F1gur IIIA..L5,

metallographic as well as X-r,-- analysis indicated also a sizeable homogeneity

range for the cubic (CI5-type) low temperature modification. In the average.

a = 7.02 X were found for excess tantalum (Xcr < 0.64). and a = 6.975 X for

excecs chromium-containing alloys (Xr > 0.67) in alloys which were equili-

bratedat 1400"C.
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C. BINARY TRANSITION METAL-BORON AND METAL-
SILICON SYSTEMS

Section HII.C. Metal-Boron Systems

Section I.D. Metal-Silicon Systems

For these system groups, the following, general

references, as well as the report references listed under the individual

systems may be consulted for a detailed compilation and evaiuation of earlier

investigations.

General References to Sections JIl.C. and HII.D.:

(1) M. Hansen: Constitution of Binary Alloys (McGraw-Hill, New York,
1958).

(2) R.P. Elli*tt: Constitution of Binary Alloys, First Supplement
(McGraw-Hill, New York, 1965).

(3) W.B. Pearson: Handbook of Lattice Spacings and Structures of Metals
and Alloys (Pergamon Press, New York, 1958); Volume 2 (Pergamon

Press, New York, 1967).

Section HI. C. 1. Ti-B System

Report Reference:

(1) E. Rudy and St. Windisch: US Air Force Tech. Doc. Report AFML-

TR-65-Z, Part I, Vol. VII (Jan 1966).

Section 1H. C. 2. Zr-B System

Report Reference:

(I) E. Rudy and St. Windisch: U:) Air Force Tech, Doc. Report AFML-
TR-65-2, Part I, Vol. VIII (Jan 1966).
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Section lII.C. 3 Hf-B S7 -stem

Report Reference.

(I) E. Rudy and St. Windisch: US Air Force Tech. Doc. Report AFML-
TR-65-2, Part 1. Vol. IX (Feb. 1966).

Section IU.C.4 V-B System

Report Referen( e:

(1) E. Rudy and St. Windisch: US Air Force Tech. Doc. Report AF-bML-
TR-65-?,. Part I, Vol. X (May 1966).

Section UI.C.5 Nb-B System

Report Reference:

(1) E. Rudy and St. Windisch: US Air Force Tech. Doc. Report AFML-
TR-6•o-Z, Part IL Vol. X (May 1966).

Section !II.C.6 Ta-B System

Report Reference: U

(1) E. ]Rudy and St. Windisch: US Air Force Tech. Doc. Repoui AFML-
TR-65-Z. Part 1, Vol. X 'May 1966).
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Section III.C.7 Mo-B System

Report Reference:

(1) E. Rudy and St. Windisch: US Air Force Tech. doc. Report AFML-

TR-65-2, Part I, Vol. III (Sept. ;965).

Section III.C.8 W-B System

Report Reference

(1) E. Rudy and St., Windisch: US Air Force Tech. Doc. Report AFML-
TR-65-2, Part 1, Vol. III (Sept. 1965).

Section III.D.J Zr-Si System

Eeport Reference-

(1) C.E. Brukl: US Air Force Tech. Doc. Rreport AFML-TR-65-2

Part I, Vol. XIII (Now. J967).
- -

Section II1. D. 2 Hf-Si System

Report Reference:

(1) C.E. Brukl: US Air Force Tech. Doc. Report AFML-TR-65-Z,
Part I, Vol. XIII (Nov. 1967).
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D. TERNARY SYSTEMS Mel-Mez-C, Me-Si-C, Me-Si-B,

Me 1 -Me 2-B, Me-B..C, and Me-B-N

Section II.E. Ternary Metal-Carbon Systems

Section III.F. Quaternarv Metal-Carbon Systems

Section III.G. Metal -Silicon-Carbon Systems

Section UI.H. Metal-Silicon-Boron Systems

Section III.I. Ternary Metal-Boron Systems

Section III. '. Metal-Boron-Carbon System

Section III.L. Ternary Metal-Nitroger. Systems

The following, general, refurences may be coxulted

for a comprehens;ve compilation of earlier work on these ternary system

classes:

(1) R. Kieffer and F. Benesovsky: Hartstoffe (Springer, Wien, 1963).

(Z) W.B. Pearson: Handbook of Lattice Spacings and Structures of Metals

and Alo.s (Pergamon Press, New York, 1958); Volume 2 (Pergamon
Press, New York, 19671.

Section III.E.1 Ti-Zr-C Sstem

References:

(U) C.F. Brukl and D.P. Harmon: US Air Force Tech. Doc. Report
AFML-TR-65-2, Part I1, Vol. IV (Feb. 1966).

(2) Yu.V. Voroshilov, L.V. Gorsbkova, N.M. Popova, and T.F. Fedorov:
Pororhk. ýletallurgiya No.5 (1967v. 81.
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Section III.E.2 Ti-Hf-C System

References:

(1) C.E. Brukl and D.P. Harmon: US Air Force Tech. Doc. Rept.
AFML-TR-65-2, Part II, Vol. IV (Feel. 19L,6),

(11) Yu.V. Voroshilov, L.V. Gorshkova, N.M. Popova, and T.F. Fedorov:
Poroshk. Metallurgiya No.S (1967), 81.

Section III.E.3 Ti-V-C Systerr

References:

(1) W.N. Eremenko and L.A. Tretyatsenko: Poroshk. Metallurgiya 6

(1964), 27.

(2) T.F. Fedorov, L.V. Gorshkova, and E.I. Gladyshevskiy: Russian
Metallurgy (Eng. Transl.), 4 (1966), 60.

(3) L.A. Tretyatsenko and V.N. Eremenko: Poroshk. Metallurgiya, 7
(1966), 581.

(4) L.A. Tretyatsenko and V.N. Eremenko: Poroshk. Metallurgiya, 8
(1966), 33.

(5) E. Rudy: US Air Force Tech. Doc. Report AFML-TR-69-117, Part VII,
"The Phase Diagram Ti-VC" (May 1969).

Section III.E.4 Ti-Nb-C System

References:

(1) P. Stecher, F. Benesovsky, A. Neckel, and H. Nowotny: Monatsh.

Chem. 95, 1636.'.

(2) T.F. Fedorcv, N.M. Pop va, and E.I. Claayshevskiy: Izvest.Akad
Nauk SSSR Metall. 3 (1965), 158.

(3) E. Rudy: U2 Air Fc.rce Tech. Doc. Report AFML-TR-69-117, Part !,

"The Phase Diagrams Ti-Nb-C, T.-Ta-C, and T 4 -Mo-C" (May 1969).
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Section III. E.5 Ti-Ta C Systeni

References:

(1) J.G. McMullin and J.T. Norton: J.Met. 5 j1953), 1Z05.

(2) C.E. Brukl and D.P. Harmon: U.S. Air Force Tech. Doc. Report
AFML-TR-65-Z, Part 11, Vol. II (July 1965).

(3) E. Rudy: US Air Force Technical Documentary Report AFMI-TR-
69-117, Part I, "The Phase Diagrams Ti-Nb-C, Ti-Ta-C, and
Ti-Mo-C" (May 1969).

Section III.E.6 Ti-Mo-C System

References:

(1) H.J. Albert and J.T. Norton: Planseebcr. Pulvermet. 4 (1956), 2.

(2) E. Rudy: U.S. Air Force Tech. Doc. Report AFML-.TR-69-117,
Part 1, "The Phase Diagrams Ti-Nb-C, Ti-Ta-C, arnd Ti-Mo-C"
(May 1969).

Section III.E.7 Zr-Hf-C System

References:

(1) C.E. Brukl and D.P. Harmon: U.S. Air Forcc Tech. Doc. Report
AFML-TR-65-Z, Part II, Vol. IV (Feb. 1966).

Section II.E.8 Zr-Ta-C System

Recent findings cesulted in the assumption 1f a different

mode of transformaticn of the TazC-phase (see Section II.B.6). Although the

gross features o; the Zr-Ta-C system, as presented herein, will remain
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una'if.cted by these change, in the Ta -C system, certain details of the

ternary phase equilibria near tht. Ta 2C-phasc w-'i, have tQ be" modifiedt.

References:

(1) D.1-. Ilarmon and C.E. BruKI: US Air Forct Tech. Doc. Rept.
AY'ML-TR-65-2, Part II, Vol. III (Aug. 1965).

(2) A.I. Avgustinik and S.S. Ordanyan: Zhur. Priki. Chim. 39 (1966),318.

Section 1II.E.9 Ta-Hi-C System

The changes introduced by the different mode of trans-

formation assumed for the TazC-phase in more recent work (Section III.B.6)

are being investigated at the present time.

References:

(1) E. Rudy and H. Nowotny: Mh.Chem. 94 (1963), 507.

(2) E. Rudy: US Air Force Tech. Doc. Report AFML-TR-65-2, Part II,
Vol. I (June 1965).

13 D.L Dcad-..iore andI. Zapiatyi.sky. NASA Rept. TN D-Z769 (April i96Y

Section III E.10. V-Nb-C System

References:

(1) Y.A. Chang: US Air Force Tech. Doc. Report AFML-TR-65-Z,
Part II. Vo!. XVI (Dec. 1967).
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Section llI. E, 1 Nb-Ta-C Oystem

References:

(1) E. Rudy and P. Booker: '1.S. Air Force Tech. Doc. Report AFML-
TF-69-117, Part III, "Phase Studies in the Systems V-Ta-C and
Nb-Ta-C" (May 1969).

5ection UJ.E.12 Nb-Mo-C System

References:

I (1) E. Rudy, F. Benesovsky, and K. Sedlatscnek: Mh. Chem. 92 (1961),
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(Z) E. Rudy, C.E. Brukl, and St. Windiach: U.S. A;'r Force Tech. Doc.
Repr• AFML-TR-65-2, Part II, Vol. XV. Trans. AIME 239 (1967),

Section LIH.E.13 Nb-W-C S2stem

Refervnccs:

(1) E. Rudy and Y.A. Chang: Piansee Proc. 1964, 786.

(2, E. Rudy: U.S. Air Force iech. Doc. Rept. AFMLo1R-65-2, Part LI,
Vol. XVIII (March 1968).

Section ILT.E. 14 Ta-Mo-C System

References:

S(1) E. Rudy and Y.A. Chang: Plansee Proc., 1964, 786.

(2) F. Rudy, St. WinAach, and C.E. Brukl: U.S. Air Force Tech. Doc.
Rept. AFML-T'R-65-2, Part II, Vol. XViI (Dec. 1967). J. Amer,
Ceramn. Soc. 51 (1968), Z39.



Section ,IJI. . 5 a-W-C System

The illustrations o.-intained in this report represent

an updited vet t ion of the system published in -").

References:

(1) E. Rudy, El. Rudy, and F. Benesovsky: Mh.Chem. 93 (1962), 1176.

(2) E. Rudy: U.S. Air Force Tech. Doc. Rept. AFML-TR-65-2, Part II,
Vol. VIII (March 1966).

Section II.F.1 TazC-VZC-MoZCSYs•8nM

References:

(1) C.E. Brukl: U.S. Air Force Tech. Doc. Report AFML-TR-69-117,

Pa-t IV, "Effect of Mciybdenum and Tungsten or the Subcarbide

Solutions in the Systeias Ta-V-C and Ta-Nb-C" (May 1969).

SectionlHI.F.2 Ta 2C-V 2,C-WaCSystem

References:

1,) C.E. Brakl: IT.S. Air Force Tech. Doc. Report AFML-TR-69-117,
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Section IJI.F.3 TazC-NbZC-MozC System

References:
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(1) C.E. Bxukl: U.S. Air Force Tech. Doc. Report AFML-TR-6S-Z,
Part II, VrI.X (Sept. 1966).

Section IU. G. 3 Hf-Si-C Sstem
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Section III.I.Z Ti-Hf-B System

References:

(1) Y.A. Chang: U.S. Air Force Tech. Doc. Report AFML-TR-65-Z

Part II, Vol.V (May 1966).

Section 111.1.3 Zr-Hf-B System

References:

(1) D.P. Harmon: U.S. Air Force Tech. Doc. Report AFML-TR-65-2,
Part Li, Vol. VI (Nov. 1965).
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A. B11NARY TRANSITION METAL, SYSTEMS

1900- 1875± 8

1800-

1700;,688

LiL

18720

j L

go0

L8002 0 608 0

6046



i900 Solidus curve after E.T.Hayes et.ol.,1951 1876+4 -
ci Fus•ion point, J.D. Fast, 1939

1his investigation: / -
o 1800 A Incipient melting

0 Specimen cullapsed /o'
0 Melted isothermally (T-• soterm lly( inc :Tcoll.)

1700 '

Lu 0
L -.-...- - ., 0

1-600

r16 6 8±
1535±10*

1500 -35

0 20 40 60 80 100
Ti ATOMIC % ZIRCONIUM - Zr

Figure IW.A. 1.2: Melting Temperatures of Ti-Zr Alloys.

(Temperature Error Figures Based on Reproducibility)
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1000 01 J.D.Fast,I193i3I
A E.T.Hayes et.al ;951
V P 0uwez, 1951
0 W N.G:,-dnev et al .1960

900 - - E-Ence and H.Morgalhn, 16I
'ciP Frtur rind S A.Adler,!966 01

0 ~Q 1n\. '"

'* rA\ /0

~700 ~ A/

0..

I-600 0\

5 00 
V4 -1

4 0 0

0 20 40 60 80 100
T i ATOMIC Y. ZIRCONIUM -- o Zr

Figure III.A. 1. 3: a-p-Tranisformation i.- Ti.-Zr Alloys.I
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"3 '2312-'-

320

E 3 lO tOI

3 00 _ _9_ .

IC0 0 P Duwez,1952 --[ 0 P A Forror ond S, A Adler,1966 1-
5O0 -0

4 8,) L

4 70- 4684

0 20 40 60 80 100
Ti A ,TOMIC % ZIRCONIUM Z Zr =

Figure IU.A. 1.4: Laottice Parameters of the a-(Ti, Zf) Solid
S alutjon.
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2200- 2218110

2000'

r L

1800- 1770±30*

J'1668±80 "-L+)9
,~ 600 \Xo,, 656±5o /1

a:1400-

1200

1000
882 a

800

0 20 40 10 80 100
Ti - ATOMIC % HAF:NIuM - Hf

Figure IUI.A.Z. 1: Constitution Viagram Ti-Hf.

(Temperature Error Figure8 Based or.
Estimated Overall Uncertainty).

50

I[-

02



2218+_6a

2200 v Melting on cooling 1F T Hayes and 22De6rdorf0,1957
A Melting on heotingi - r "e r

o Melting on heating, Y.A.Chang.1966

2100
A !ncipient melting 1 /
o Specimen collapsed This investigation /

' 20C0" Melted isothermallyJ 0

- 900
bJa-.

1800 L

1700 153

1600 •, i ,

0 20 40 60 80 100

T ATOMIC % HAiFNIUM - Hf

Figure III. A. Z.? Melting Terrperaw.ures of Ti-Hf Alloys.

(Temperature Error Figures Based on
Repr oducibility).

51



1800r

L_ I

v

1600/

1400 a-)S-Transformation by DTA/o1400 S
o E.T.Hayes and D-K.Deordorff,1957

V Cooling Y, /
< 1200 A Heating Y.A.Chang,196

a_

* LLI
* '-1000 a+/3

800
... 8000

0 20 40 60 80 100
Ti - ATOMIC % HAFNIUM - Hf

Figure II. A. 2.3: a-P -Transformation in Binary Ti-Hf Alloys.
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3 20

3 195,
a< 3 i0

3 00

.- -2 950]

* Y A Chong,1966
* This invesvigOton

5 00 (Melled oIiuys anneoled it 750 'C) f" 051'

490

4 80-

0 20 40 60 e8 I00
Ti ATOMIC % HAFNIUM -. Hf

Figure III.A. Z. 4: Lattice Parameters of the a-(Ti. Hf) Solid
Solution
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(U

1926 ±60

900- -

1800!

L

o 1700 ;,1668±8' - L+35S~~~1604tY8° / o

-1600

ccoc
a. 900
tlJ
i-

800

700

600
0 20 40 60 80 100
Ti - ATOM!C % VANADIUM -- V

Figure IL.A. 3. 1: Constitution Diagram Ti-V.

(Te..perature Error Figures Based un
Estimated Overall Uncertainty).
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- So'idus curve of ter 
1926± 301This investigation:

A Incipient melting
1800 0 Specimen collapsed

*Melted isol~hermolly(Tinc =Trol)

cL1700 LL

160 0 1668±4c'
35,1604t5o a_____

0 20 40 60 80 100
TiATOMIC % VAN4ADIUM -. V

Figure III. A.3.Z2: Melting Temperatures of Ti -V Alloys.

(Temperature Error Figures Based on

Reproducibility).
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3 3 0-r-----' F

7' K Adenstedt et al ,1952

o R M Powers and H AW'helm.1952 -
A P Pietrokowsky and P Duwe., 1952

3 25 o Present nvestigaton

- 650°C

C,

o 320

I-

30-
-3026

Ai

0 20 40 60 80 100
V ATOMIC % TITANIUM To

Figure 11.A. 3. 3: Lattice Parameters of the •-(Ti, V) Solid
C. 1 -
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224158±100

2 4 0 0 
- - - - - - - -

2200 L

2000I

100

a:Li
z 16008

020 40 60 80 100 JTi - ATOMIC %N1O91um - Nb

Figure 1Y1.A. 4. 1: Constitution Diagrarri 7i-Nb.

(Temnperatur-e Er-ror Figures Eased onn
Estiamated Overall bncertainty).
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I'

26001

0 o Unmelledo 2468±4

a Melted M.Hanset.ol.,1951

2400 A Incipient melting This -

0 Specimen collapsedI invesiigotion .

l ;ielted isothermolly, 0

2200

3 0

n" 6 2000 1/684.

w 0

1800P

1600 168 40-, • I

0 20 40 60 80 100

Ti - ATOMIC % NIOBIUM - Nb

Figure W.A.4.Z: Melting Temperatures of Ti-Nb Alloys.

(Temperature Error Figures Based on

Reproducibility).
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3.305
E0 M. Hansen at. ol ,1951

3.300 0 Present investigation

0
w 0
w 3.295

,.o El K

-1 3-285-

0 20 40 60 80 100

Nb - ATOMIC % TITANIUM - Ti

Figure Wi. A. 4. 3. Lattice Parameters of the P-(Ti. Nb) Solid
Solution.
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3000 
3014 ±14'

Z 130 0 ,.

//

2600 /

7

2400 ," /

2200

S2000

18 00 / "

-- 1668 8?

8600

'I5

600 r* a

C 20 40 60 60 00
T ATOM!C % TANTALUM Tc

Figure IUI.A. 5. 1: Constitution Diagram Ti-Ta.

(Temperature Error Figures Based on
Estimated O-verall Uncertainty).
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3000 Approximate melting pcint D, Summers- Smith,1952

v' Solid )3 D J May~uih
T )9 +Liquid, microscopic eAomination et/ ,1953

2600 n, Melting, optical observation

A Incipient melting C F Bru o

o Specimen collapsed ( 11

2 Melted isothermolly J 1965 /

Q 6 00 0
0. /

2400 D
bJ/ 0

a-
r 2 2oo 00 L 12000V
(L •

:•2200- /

i.- /

Soooo

200 , /L . I ,1800j

0 20 40 60 80 100
Ti -- ATOMIC % TANTALUM ---. To

Figure III.A. 5. 2: Melting Temperatures of Ti-Ta Alloys.
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3.305 ",

-3 303

EI

w 3295

w L,

3,290

I-

- 3.285

3,280

0 20 40 60 80 100
ra - ATOMIC % TITANIUM -T:

F giure III.A.5. 3: Lattice Parameters of the 3-jTi, Ta) Solid
Soiution.

(After D. Summers-Smith, 1952. Alloys
Quenched from 800° an, 650"C, Respectively).
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1860±6°0.
1800 - -- --

1660- 8k L

1600 4 +4244t2 / +i

aw 1400 L+(

a: •TC2I)• •
T1250±500

00 " TCr2 (1)+

600 L°.2- ±LTJcLJIJ- ', -

0 20 40 60 80 100

T. - ATOMIC % CHROMIUM -- Cr

•'igure IL!r A.6. 1: Constitutioni Diagram Ti-Cr.

(Temperu.rtue Error Figures Based on [

Es~iniated Overatll Uncertainty). -
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a Incipient melting r _ Solid " M K McQuillan,
1900 V Compiete melting L R ,'an Thye m Partially/ 19 5 1

& Partial meltinC Jet : .1952 melied
e Therma: arrestJ i860_±4o-

1830 * • Solidus, W.S.Micheev, 1957 / .
/

A Incipient melting 0 / 0
o 0 Specimen collopsedjTnhvest•g-, z /

1700 6684o Melted isothermally / o

Sn- /0~ ,100 8±4-""0 0
1600

M L

0 20240 60 80 S00
1400114"° /1 "

0 20 40 60 8G 0I00

Ti - ATOMIC % CHROMIUM --- Cr

Figure IIU.A.6.Z. Melting Temperatures of Ti-Cr Alloys.

(Temperature Error Figures Based on
Reproducibility).
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330 . * '

3 28
0 Single phase P Duwez el dt ,1952
01 TN-o phaoses (Alloys quenched

3 25 from 980C)
ZAF8 Cuff et o1,1952

(Ai!oys quenched from 1400)

.I _ . 0 Thr,, investigation.
3 20 -. (Alloys cooled at -IO0C per second

from solidus temperatures,

o 315

3 1
n• A

g: 305

W

i-

- 300A-
_. 3 ()0

'A

295 _ -Alloys disproportionated

during cooling

2 90

0 20 40 60 80 100
Ti - ATOMIC % CHROMIUM - Cr

Figure III.A.6. 3: Lattice Parameters of the i3-(Ti,Cr) Solid
Solution.
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26002699-

2400 -

L -

2200 -
-L+/

cw2000 --

I RO

1600 ý-668±-8

-8820

800ý1

0 20 40 60 80 100
Ti -ATOMIC %/ MOLYBDENUM - Mo

Fig~ure IU.A. 7. 1: Constitution Diagram Ti-Mo.

(Temperature Error Figures Based on
Estimated Overall Uncertainty).
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Fi

I *

2600 0 Melted, Hansen et.ol.,1951 2619+4*

A Incipient melting _0
oSpcme collpe This investigation,0 Specimen collapsed by Pio -tcniu

0 Melted isothermally b Pn-eniu;
2400 (T T)

oinc.

00

I-
< 60 L A

040 60 0 100

Ti - ATOMiC % MOLYBDENUM - Mo

Figure IH.A. 7. : Melting Temperatures of Ti-Mo Alloys.

(Temperature Error Figures Based on
Reproducibility.
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3.28 , , ,

3 262

I10 M Hansen et al,1951

3 74 0 This investigation,
(Alloys quenched from 1600*C)

E 3.22

03.20

0~0

3 18

3,16

'•3l ~~~ 
~ . 7

3.141
0 20 40 60 80 1C00
Ti - ATOMIC % MOLYBDENUM-.--- Mo

Figure Ill.A.7.3: Lattice Parameters of the P-(Ti, Mo) Solid
Solutior-.
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3500 3423-+260'%'k

3000L -

LiL

2500 ~688

0~~~~ 20+ 08 0
T<AOI UGTN-

FiueIIA8 1 osiuin iga iW

(TmeaweErrFgrsBsdo

Esiaea-ealUcetit)

ýi lIe

w 200

150- 168t8
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IJ

* Melting,optlical observation
9 .+6kqud D J Maykuth et ol ,1953

3500 (CD Liquid + W 3423±_1004
V Liquidus, H.Nowotny etl.a ,1954

A Incipient mrel'ing This - -
Specimen collapsed I eTts.tiao -

psd rivestigaohon •• "/"

3000 -0 Me!ted isothermally 0

0 0 Solid, single phase - A/
o. rW Solid, two phases J -- 0

0 0-25000 - g
<[L L)9

0- 0_00

4000 VD A~4 0 A -D00S0 E3 [ 0 0] 0 0 0

1500 K6681 40 ~12501 , -

0 20 40 60 80 100

Ti - ATOMIC % TUNGSTEN - W

Figure JII.A.8.Z: Melting Temperatures and Qualitative Phase
Evaluation of Solid-State Equilibrated Alloys.

(Temperature Error Figures Based on

Reproducibility).
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3 28 -3 28

3 26

i¢1E

3 24

Ci

4

I--

wJ 3.22

nr

.,3 20

3 18
33165

3 13.16 3

0 20 40 60 80 100
Ti - AOMIC % TUNGSTEN-" W

Figure 11I.A.8.3: Lattice Parameters of Ti-W Alloys.

(Alloys Equilibrated above 1300"C, this

Inves tigation).
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2200

L 2218±_10°

2000+ •'L+P

1800 1876±_8° S770± 30-

w
S1600

1400a

w
I.-

1200

1000

0 20 40 00 80 100
Zr - ATOMIC Yo HAFNIUM - HI i

Figure IlI.A.9. 1: Constitution Diagram Zr-Hf.

(Temperature Error Figures BPased on
Estimated Ovf - 'Incertainty).

72

I

t 72

II
I

__ __



TýT1

* E THayes and D K Oeardoff 1957 .
*D P Harmon., 96C .•

2000 LPar--,- 3

80 0 a-0- Iransformattn

o3 J 0 Fast,)951 A
a ETHayes Gnd D K Deardorff,1957 ,

1600 ¢ RGBedfoia.1965

V Cooling cyclel DTA,DPHormn,
cc 4A heating cyclej 1965

S1400 -

w I" =
1200

i

800 L
0 20 40 60 80 100
Zr - ATOMIC 0/ H1FNIUM - Hf

Figure III. A. 9.2: Melting and a-P3 -TransfoiMation Temperatures

of Zr-Hf Alloys.
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,-5 47~

5 14

5 12

45 10

v R B Russr;,1953
08[ D 0 P Harmon.1966

506

0 20 40 60 80 100
ZI - ATOMIZ % HAFNIUM Hf

Figure M.A. 9. 3: Lattice Parameters of the c-(Zr,Hf)-Solid
Solution.
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2000
1926_+6°-

.. 1876 -- 8° /<26

1800 "
\ //

1600 \ \ /

\ / L+Vo \ L÷1 *\ /
0- 1400

S./ 1300± 70
1 1265--12,

a: 1200 / /,,-w 120 16 5 43 ±1 L+ZrV2

wL /
U-1

i 000 /+ ZrV ZrV ZrV2 +V

Boo 777-+5*

6- 6 aQ+Zr V2  25
600 , ' , , , ,

0 20 40 60 80 100
Zr - ATOMIC % VANADIUM I. V

Figure III.A. 10. 1. Constitution Diagram Zr-V.

(Temperature Error Figures Based on
Estimated Overall Uncertainty).
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-_-E&

SI i • I
1926,_30

1900 e-1876±+4* 6±

a Sohljus,j T Williams.1955

V LiquLidus,W W Boron et o1,1961
1800 ' /

A Incipient melting This
t \ o Specimen collapsed investigation

1700 - , Meited isothermally yJ //a

S\ /
w 1600 \ /
i- I \ /

aI 1500 U Li1 i /:•b \/
M.- /

1400 \00S\ ~o
0 0

1300 1265±10° I a -1

Z 3 Zr - -- - -.1 -I'0 ± - -J•-Zr JL• _ . . .. .. • 1300±50

1200 - t-7 , • V2 ,

0 20 40 60 e0 100

Zr - ATOMIC % VANADIUM V

Figure I1I.A. 1O.Z: Melting Temperatures of Zr-V Alioys.

(Temperature Error Figures based on
Repr oducibility).
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2468±1io
2400-

2200 7

L

2000 , L,
o 876 so

S1800 L !

222,
It 1820 +71

, i-60,
- 1000/ 9700

;'-8720

800 -

I NI
600 -20

a -~5
0 20 40 60 80 100
Zr - I'TOMIC % NIOBIUM - NbFigure IIl.A. 11. 1: Constitutirm Diaigram Zr4-M.

(Temperature rFirror Figures Based onEstimated Overall Uncertainty).
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2500 8i.4,[ Solidus,B A Rogers and D F Atkins, i955 5°" I

2400 & Incipient melting 0 0 1
0 Specimen collapsed This tg i
0 Melted isothermally investigation //

/I

2300 / 0//
/ /I

S2200 0/ / a/

:D/ /
n / //

2100 / /

LL /

iIJA
S2000

1900 1876_4 / /1820+"5°

17001

0 20 40 60 80 100

Zr - ATOMIC % NIOBIUM 6 Nb

Figure M.A. ll.Z: Melting Temperatures of Zr-Nb Alloys.

(Temperature Error Figures Based on
Reproducibility).
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I i ' I 'I I . I1-

C0 Single piase 3 A A

3 Two pses Rogers and DFAkns,1955

A3 G Knopton.,960 0

V A E.Owighl, t961 7 !

"'345 0

A C W Berghout.1962

(Alloys equilibrated

_ 340- at 8000C)
4i-

5 30

0 20 40 60 80 100

Nb -- ATOMIC % ZIRCONIUM -- Zr

Figure MU.A. 11. 3: Lattice Parameters of the P-tNb. Zri-Solid
Solution.
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3000 *3014 ±14*

2800/

2600

L/

2200 :2±0 /L;-

LJ2000

L876±80 67. 4
1780*

w1800

1600

1400

1200

1000 a -a+i
Boo 800 ± 10 j

I I -91 \
0 2- 40 60 80 100
Zf ATOMIC % TANTALUM -'To

Figure Mf.A. IZ. 1: Constitution Diagram Zr -Ta.

fTemperature Error Figures Based on
Estimiated Overall Uucertainty).
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3200

a Solidus
o Approximate lquidus D- E Williams et a0, 19623000 o Melling observed } L F.Peose an3l
a Soidus~metallogroph

0 icJly ," H '•rophy,963 /
& Incipient mezlting 0 P 4 am on and

2800 O Specimen collapsed D £ 8rukl,965 / and0 Melted isothermu.
1 y E 19

o InCipitev mell ing 0Present investigation
4. 2600 i Speclm.n Collapsed

S2400 /

UJ /la RL+L
•"2200 L ' •

a/ 0

0 20 40 60 80

Zr ATOMIC % TANTALUM • TO

Figure flI.A. IZ.2: Melting Temperatures of Zr-Ta AIloy•.

(Temperature Error Figures Based oii" ~~Reproduc~biIlty).
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r _ _

67.,oooo
1--00

1700 / .. .1775"

/ 1

1400, D E.Wil\\ms et ol 1962: 1
00 Resistance data . 1

Uj ~ x Dilatomeiric: data

I 300 1II By metaflogrophyan

1. 100 / /

t5o !--- hsebunay n

rnonotectoid isotherm

120 L F.Pease and J.H.Brophy.1963:

S1200 1 /•

I- U *0 Boundary by microprobe 0
e Boundary by resistance

1 I0 o Boundary by X-ray[ if-) I 4 Bouridory b y metcloraihy
- 6 Phase boundary and

1I monotectoad isotherm

!000 it

II ,• I ,

900 IH
O 165 800*

Bo 13-1ndr i mtlogah
80 • s- -- PhseA•,dayan

935A

4.5re70 785 ±100 906

70020 40 60 80 30co
Zr -- ATOMIC % TANTALUM T

FiueIII. A. 1Z. 3: Experimental Data for- the Miscibility
Gap and the Eutectoid Isotherm in tne

Zr -Ta System.
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-~4D -a -0- _

iI

:3460 - 1 ,

/
/

/
3.55 -. - 4--J -- -- --- 7

/

E 350 /

0 Single phase Alloys quenched /
%V4H Two phases from 1300C /

LJ 345tr

Lii /
o. /

4Q 340 /
,. /

S/ ]0 Stnqle phose "i Alloys quenched
- l Two phases from 1500 0 C

-J 3 35 x/

3 30 13-303
L I I I I I I

0 20 40 60 80 100
To - ATOMIC % ZIRCONIUM - Zr

Figure III.A. 12.4: Lattice Parameters of the A-(Zr, Ta)-Solid
Solution.
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i 1800 -66.6 /t

,-_- • \ )•1675± 250

\L+-ZrCr2(H.T 77±_1 /L+CrI \ I

[ \ L ---- - -< 1-54
~L oj \ ZrCr (H T )+Cr

0 2

2000400

--1370±_8r L+ZrCr (H TC

_ w 28±_0.5

1 '61±8

II a- 1 C' L -

SZrCr 2(L.T )+Cr
1000

S~~872*- a.:Z+
8 8050

a 12C0
w 0 U ., +ZrCr 2 (L.'")

- I I I, I _. iI

0 20 40 60 80 100

Zr - ATOMIC % CHROMIUM • Cr

Figure LIH.A. 13. 1: Constitution Diagram Zr-Cr.

(Temperature Error Figures Based on
Estimated Overall Uncertainty).
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2100 g Incipent -eltieng ;
2 c3 Unmellea l- F Domogoio el oi ,,53

v Tnerrroi orrest
- Eutectc line

2000 LiquidusSLrudu I E T Hayes et oi 1952
__ ulechic fine

a inr:ptent melhing T
1900 .1876±4o 0 Specimen collapsed Th sJ Iinvestigation

* Melted isothermally 1860 40

1800 /

S;675+_20 /

• 1700 \\
D L
a: ,7 L~ ,

aL 1600 * -A-, - ý-- -&_7

"L. 1i 0 / 1610 50

01 L /
1500 V it

ýA- -A_-*i• "--4b 2 ---- •t , s-
S1370/+_5 I I

i i I

13005 i1300 ,, L - - 280 • II

- I%
0

1200 I
0 ?0 40 60 50 100

Zr ATOMIC I CHROMiUM • Cr

Figure 1Ii. A. 13.2: Melting Temnperatures of Zr-Cr Alloys.

(Temperature Error Figures Based c:!
Reproducibility).
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Figure IH.A. 14. 1: Constitution Diagram Zr-Mo.

(Temperatikre Error Figures Based on Estimated
Overall Uncertainty).
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F,-,ire III.A. 14.Z: Meltinig lemperatures of Zr-Mo Alloya.

(Temperature Error Figureut Based on
Reproducibility).
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Figure II1.A. 14.3: Lattice Parameters of the P-Zr S31lid Solution.

(Alloys Quenched from the Indicated Temperatures).
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Figure .HI.A. 14.4: Lattice Parameters of the Molybdenum Phase
in the (Zr, Mo) System.
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Figure MI.A. 15. 1: Constituiion Diagram Zr-W.

(Temptrature Error Figures based on

Estimated Overall Uncertainty).
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,Figure M.A. 15.2: Melting Temperatures of Zr-l. Alloys.

(Tenia;rature Errcr Figures Based onII
Repr odt"nib ility).
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in the (Zr, W) System.

92



,.-2218+10.-
2200 1922I860

[N

1770,1800 ,,±30o0 /
"" \ 30 1550±-10°

66 ±1
S1+0G L+HfV L+V1 • 6o0G. \\ ,3_j 2 /

1456±6. ~ ~
Wi 69± -4

023.5 ±1 L.+ fV2
ý-" 'V2 ýL-HfV2

a2
2 a - 1190-±250 HfV 2 - V~200~ /3HV2----

\< 2 \19±1
100%0 l I I

20 40 60 80 100
Hf --- ATOMIC % VANADIUM -- V

Figure III.A. 16.1: Constitution Diagram of the Hf-V System.

(Temperature Error Figures Based on
E.timated Overall Uncertaintyl.
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Figure III.A. 1b./: Melting Temperatures of Hf-V Alloys.

(Temperature Error Figuires Based on
Reproduc ib: ity).
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Figure IM.A. 17. 1. Constitution Diagram Nb-Hf.

(Tempera.turc Ezror FrIgurcs based on
Estiniated Overall Uncertainty).
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Figure III.A. 17.Z: Melting Temperatures of Nb-Hf Ailo,

(Temperature iError Figures Based on
Repro-lucibil-tty).
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Figure 1I.A. 17. 3: Lattice Parameters of the 13- (Hf, Nb) Solid
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Z'igure 1I.A. 18. 1: Constitution Diagram Hf-Ta.

(After L.L. Oden et al., 1964)
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Figure III. A. 18.2: Melting Temperatures of Ta-Hf Alloys.

(Temperature EError Figures Based on
Reproducibility).
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Figure mH. A. 19, 1: Constitution Diagram Hf-Cr.

(ic-rperature E•rror k-igures Based on
Esticnated Overall Uncertainty).
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Figure ]H.A .20.2: Melting Temperatures of Hf-rAo Alloys.

(Temperature Error Figures Based on
Reprr-ducibility).
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Figure IH.A.20.4: Lattice Parameters of the Molybdenum
Phas'3 in the (Hf, Mo)-System.
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Figure III.A.Z1. 1: Constitation Diagram Hf-W.

(Tempeiature Error Figures Based on

Estimated Overall Uncertainties).
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Figure III.A.21.2: Solid State Reactions in the Hf-Rich Region
of the (Hf, W)-System.
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Figure III.A.21.3: Melting Temperatures of Hf-W Alloys.

(Temperature E-ror Figuress B,.scd on
Reproducibility).
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Figure IU.A.ZZ. 1: Constitution Diagram V-Nb.

(Temperature Exror Figures Based on
Estimated Overall Uncertainty).
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(Temperature Error Figures Based on
Reproducibility).
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Figure II.A.23.1: Constitution Diagram V-Ta.

(Temperature Error Figures Based on
Estimatea Overall Uncertainty).
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Figure IIm.A.23.2: Melting 'remperatures of V-Ta Alloys.

(Temperature Error Figures Based on
Repr oducibility).
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Figure TIIA.Z4. 1: Constitution Diagram of the System V-Cr.

(Temperature Error Figures Based on
Estimated Overall Uncert~inty).
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Figure 1l. A. Z4. 2: Melting TemPeristu~res of V -Cr Alloys.

(Temperature Error Figurei Ba~sed on
Reproducibility).
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Figure W.A.Z-•. 1: Constitution Diagram V-Mo.

(Temperatu~re Error Figures B•ased on
Estimated Overall Unce.rtainty).
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Figtc III.A.25.2: Melting Temperatures of V-Mo Alloys.

(Temperature Error Figures Based on
Reproducibility).
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Figure III. A..26. 1: Constitution Diagram of the System V-W.
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Figure IU.A.Z6.Z: Melting Temperaturcs of V-W Alloys.

(Temperature Error Figures Based on-
Reproducibility).
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Figure M.A. 26. 3: Lattice Parameters of V-W Alloys.
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Figure M.A.27. : Constitution Diagram of the System Nb-Ta.

(Temperatuire Error Figure- Based on
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Figure ilI.A.27.Z: Melting I'emperatures of Nb-Ta Alloys.
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Figure III.A.Z7.3: Lattice Parameters of Nb-Ta Alloys.
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Figure II.A.28. 1: Constitution Diagram Nb-Cr.
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Figure 1U. A. Z8. Z: Melting Temperatures of Nb -Cr Alloys.

(Fremperature Error Figures Based on
Reproducibility).
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Figure IIi. A. 28.3: Lattice Parameters of the Nb-Cr Solid
Solution.
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Figure II.A.Zg.4: Lattice Para-nzters of the Cubic (C 15)
j.aves Phase in the Nb-Cr Systern.

(Alloys Quenched from Solidu2q Temperatures,
this Investigation).
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Figure III.A.29. 1: Constitution Diai'ram Nb-flo.

(Temperature Error Figuires Based on
Estimated Overal Uncertainty).

tI

131

IJ



I"I I I" "

i 2700-20 This investiygtion:

A Incipient melting 2619 -4
00 Spec;men collapsed 4°-

Lj 2600 0 Melted is herL"y(Tin= Tc 0 lli) .- - -

< 2468! 40  0-- l o
I--
LJ e- J

2400 -

-2345o •Sodus curve after
2300 I.I.Kornilov and R.SPolyakiovo,1957

0 20 40 60 80 100
Nb - ATOMIC % MOLYBDENUM -- Mo

Figure II.A.Z9.Z; Melting Temperatures of Nb-Mo Alloys.

(Temperature Error Figures Based on
Rý-]producibilit•1.
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Figure HI.A. Z9. 3: Lattice Parameters of Nb-Mo Alloys.
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Figure IMI.A. 30. 1: Constitution Diagram of the System Nb-W.

(Temperature Error Figures Based on
Estimated Overal Uncertairity).
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Figure III.A. 30.2: Solidus Temperatures of Nb-W Alloys.

(Temperature Error Figures Based on
Reproducibility).
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Figure I1l.A.30.3: Lattice Parameters of the Nb-W Solid
Solution.
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Figure IH.A.31.2: Melting Temperatures of Ta-Cr Alloys.

(Temperature Error Figures Based on

Reproducibility).
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Figure Ifl.A. 31.4: Lattice Parameters of the Tantalum Phase
in the (TaCr)-System.
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Figure III.A.31.5: Lattice Parameters of the Hexagonai
(C 14-Type), High Temperature
Modification of TaCr
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Mo ATOMIC % TANTALUM To

Figure III.A. 3Z. 1: Constitution Diagram of the T14-Mo System.

(Temperature Error F'igures Based on
Estimated Overall Uncertainty).
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Figure WII.A.32.Z: Melting Temperatures of Ta-Mo Alloys.
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Figure IU.A.3Z.3: Lattice Parameters of the (Ta, Mo)-Solid
So1 .on.
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Fic'ure II'.A. 33.1: Constitution Diagram of the Ta-W System.

,Temperature Error Figures Bas-l on
Estimated Overall Uncertainty),
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Figure IRl.A.33. Z: Melting Temperatures of Ta-W Alloys.

(Temperature Error Figures Based on
Reproducibility).
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Figure Im.A.33.3: Lattice Parameters of Ta-W Alloys.
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Figure Ill. A. 34. 1. Constitution Diagram of the Cr-Mo System.

(Temperature Error Figures Based on
Estimated Overall Uncex tainties).
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Figure Dl. A. 31. Z: Melting Temperatures of Mo-Cr Alloys.

(Temperature Error Figures Based on

Reproducibility).
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Figure IU.A. 34. 3: Lattice Parameters of Cr-Lo Alloys.
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Figure IIU.A. 34.4: Lattice Paramete-. s of Cr-Mo Alloys.

(After S.R. Baen and P. Duwez, !l951).
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Figure HI.A. 35. 1: Constitut-on Diagram Cr-W.

(Temperature Error Figures Based on
Estimated Overall Uncertainty). -

15

: 151

I



3400 32±0
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Figure UI.A. 35.Z: Melting Temperatures of Cr-W Alleys.

(Temperature Error Figures Based on
ReproducibLlity).
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Figure III.A. 35. 3: Lattice Parameters of Gr-W AloyE.
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Mo - ATOMIC % TUNGSTEN - W

Figure IM.A. 36. 1: Constitution Diagram of the System Mo-W.

(Temperature Error Fig-ires Based on
Estimated Overall Uncertainty).
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Figure 11I.3. 3.Z: Melting Temperatures of Hf-C Alloys.

(Ten-perature Error Figures Bascd on
Reproduci.bili'.yi.
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Figure III.A.36.3: Lattice Parameters of Mo-W Alloys.
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Figure iK.~.1: Gonsti" ition Diagram of the Hf-Ir System.

(Temperatuhre Error Figurcs Based oni
Repr odticibility).
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F igur e Ui.A.37.2: Melting Tempeature of Hf-Ir Alloys.
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B. BINARY TRANSITION MEl-.Al..-CARBON SYSTEMS
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Figure III.B. 1.1: Constitution Diagram .t>f the System Ti-C.

1Temperature Error Figures B-sed on Estimated

Overall Uncertainty)
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& Incipient melting 44.1
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3000-- e Isothermally molten , 7A o• -by DTA ,oAL IV '

ZU " 0 ,'A' 2776±6e
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1 600i^ .1,L . ..0 1t 20 go 40 50 60
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Figure III.B. 1. 2: Melting Tmperatures of "U-C Alloys

(Temperature Er'or Figures Based on
Estimated Overal.i Uncertainty).
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Figure III. B. 1. 3: Lattice Parameters of Titaniumr1 M3nocarbide.

o] - Quenched from Slightly Above
Solidus Temperatures.

S- Melted Samples Reannealed for
40 hrs at 1350°G.

Maximum, Concentration Uncertainty: + 0.4 At.% C.

Maximum Unc.2rtaiAwy in Lattice Parameiers: + 0. 0008

Combined Content uf Oxygen + Nitrogen: < 150 ppm
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Figure II.B.Z. 1: Constitutioi, Diagram of the Zr-C System.

(Temperature Error Figures Based on
Estimated Overall Un,:ertainty).
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Figure 1iI.B.2.2: Melting Temperatures of Zr-C Alloys.
(Temperature Error Figures Baied on
lReproducibiEItyl.
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Figure III.B,2. 3: Lattice Parameters of the Zirconium
Monocarbide Phase.

Concentration Uncertainty: 1 0.2 At.% C.

Lattice Parameter5: 4 000_3 A

Oxygen + Nitrogen: < 150 ppm
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Figure 1I1.B. 3. 1: Constitution Diagram of the System Hf-C.

(Temperature Error Figures Based on

Estimated Overall Uncertainty).
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Figure M±. B.4. 1: Constitution Diagram of the System V-C.

(Temperature Error Figures Based on

Estimated Overall Uncertainty).
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Figure IU.B.4.Z: Melting Temperatures of V-C Alleys.

(Temperature ror Figures Based c.i
Rl.producibility).

I

I g

169

II I

IA



tr

1000 -1500C'

.72000 0C i

0 Single phase
l1 Two phase•c

4.16

"4.15

1800- 18500C

4.13-4 -12 -Ii OO2l00 OC _____________________
4 .12L......-, ..............., ., *, I , | , I , I I ,

36 38 40 42 44 46 48 50
- ATOMIC % CARBON

Figure IIJ.B.4.3: Lattice Parameters of the Vanadium
Monocazb-.de Phase.
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Figure II. B. 5. 1: Constitution Diagram of the System N~b-C.

(Additional Transformation of Nb Cat iZ3O*C -
not Shown. Temperature Error F'igures
Based on Estimated Overall Uncertainty).
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Figure II.B. 5.2: M~elting Temperatures of Nb-C Alloys.

(Temperature Error Figures Based on
-2r udicb ility). 1
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Figure IL. B. 5.3: Lattice Parameters of the Niobium j
Monocarbide Phase.
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Figure III.B.5.4: High Temperature Transformation and
Incipient Melting in Nb 2C.
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Figure Il1.B.6. 1: Constitution Diagram of the System Ta-C.

(Ten-iperature ri;:,0, Figures Based on
Estimated Overall Uncertainties).
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Figure IH.B.6.Z: Melting Temperatures of Ta-C Alloys.

(Temperature Error Figures Based on
Reproducibility).
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Figure III.B.6.3: Order-Disorder Transformation
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Figurt III.B.6.4: Lattice Parameters of Tantalum-
Monocarbide.
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Figure III.B.7 1: Constitution Diagram of the Chromium-

Carbon System.

(Temperature Error Figures Based on Estimated
Overall Uncertainty).
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Figure III.B.7.2: Melting Temperatures of Cnromium-Carbon
Alloys.

(TempHLrature Error Figures based on Reproducibility)
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Figure MU.B. 8. 1: ConStitution Diagram of the Mo-C System.j
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on Reproducibility).
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Figure HIf.B.8.2: Sumnmary cf DTA-Results Concerning
the cL-P-Tram ition in Mo 2C .
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Figure 11I. B. 8.3: Order -Disorder Transformation in N~o C:
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Results.
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Figure 1II.B.8.4: Lattice Parameters of Mo C Cooled .
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of M0 2C in Tin-Quenched (1700'C) Alloys.

Indexing According to V3-Type.
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Figure III.B.8.7: Melting Temperatures of the MO2C-Phase.
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Figure UI.B.8.8: Melting in Carbon-Rich Mo-C Alloys.

Reproducibility Limits of Experiment•a
Point&: + 5°C; + 0.3 At.% C.
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Figure IU.B.8. IG: Cornposition of the Carbun-Saturatvd
Melt as a Function of T'emperature.
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i ~Figure III.B.9.Z: Melting Ternperatu~res of W-C A'loys.
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Figure III.B.9. 3: Lattice Parameters of the WzC -Phase,
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ZZOO°C. Indexing According to L,'3-Tpe.,

194



2600- rY+r -- -WC-

S#7

'~2500

-- IiI • 'I I•
or-, wYoy + ° i

,0..>. - - ..--

ILI

S2400 "" ll'/""I -i

• //4/,~ w~(e) +w~c(y) -- i
S2300 - W2 C(fl)+WC I

29.6% 32.7%
220029 14 i i 1 -1 1 1 - ,

29 30 31 32 33 34 35

ATOMIC % CARBON-----a

Figure III.B.9.4: Summary of DTA-Results Concerning the
Order -Disort~er Trausition in WZC. I

II

I. !
Li

I I

It



I

2850- -00
o 0]

L __0

L+ Graphite
r2800- on

I'II

iL+WC
2750 WCC W WC+C

I 0

40 50 60 70
- ATOMIC % CARBON

0 Starting composition
W Composition after equilibration with graphite
* Unmelted

Figure UII.B.9. 5: W-C: Composition of the Peritectic Melt
Near the Decomposition Temperature of
Tungsten Monocarbide.
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C. BINARY TRANSITION METAL-BORON SYSTEMS
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Figure UII.C. I. I. Constitution Diagram of the Ti-B System

(,Temperature Error Figur•_s Based on
Reproducibility)
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Figure LI.C.I.2: Melting Temperatures of Ti,-B Alloys.

199



,-66%

3000

L ~L+Zr 13;

2500 L0ZrBý

,L -,8 Z r 2 Z .5 0t 4 940 "

2 ZI2 - "-21001
•2000 187 2(

<12t_2%20
=: ~1710 ±_ 15=S~1660 t 15°

w '- < I% ! ,90%
g- 1500

S.-Zr+ZrB 2

1000 a-688o -± 1

0 20 40 60 80 100

Zr ATOMIC % BORON

Figure 1HU.C.2. 1: Constitution Diagram of the Zr-B .,ystem.

(Temperature Error Figures Bas-,,i un
Reproducibility).
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Figure WiI.C.2.Z: Melting Temperatures of Zr-B Alloys.
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Figure Ill. C. 3. 1: Constitution Diagram of the Hf -B System.

(Temperature Error Figures Based can
Reproducibility).
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Figure JIJ.C. 3.2: Melting Temperatures of Hf-B Alloys.
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Figu:e Il1.C. 5. 1: Constitution Diagr.am of the Nb-B Sy'stem.
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Figure III.C. 5.2: Melting Temperatures and Qualitative
Phase Evaluation of Nb-B Alloys.
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Figure HI.C. 5.3: Lattice Parameters of Niobium Dikoride.
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Figure 11.C.6.2: Melting Temperatures and Qualitative Phase
Evaluation of Ta-B Alloys.
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D. BINARY TRANSITION METAL-SILICON SYSTEMS
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Figure III.D. 1.1: Constitut;on Diagram of the System Zr-Si.
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Figure IlI.D. 1.2: Melting Temperatures of Zr-Si Alloys and

Qualitative Phase Ev:aluation of Solid State
Equilibrated Alloys.
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E. TERNARY TRANSITION METAL-CARBON SYSTEMS

Figure 1. E. I.I" o I~&hermal Section of the Ti-Zr-C

System at 1500 0 C.
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F, PARTLAL, QUATERNARY METAL-CARBON SYSTEMS
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G. TERNARY TRANSITION META L-CARBON -SILIICON SYSTEMS
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Figure MI.G. I. 1. Isothermal Section of the Ti-Si-C Systemn
at 1200'C
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Ii. T<F-NARY TRANSITION MIETAL-5ILICGN-WBDRON SYSTEMS

SI

S+ 13•00'C

H 2 2'

Hfii
HI 3S-T 10%).\.,

Ht 5,

3 7

4'4

HfjS,;-/• •'• "

, "N.. ._____,___"___

H f 2

Figure Ill.H. 1.1 Isothermal Section of the Hf-Si-B System at

13300 C

5Z7



SI. TERNARY TRANSITION METAL.BORON SYSTEMS
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Figure 111°. 1. 1 I Isometric View of the Ti-Zr-B System
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Figure I.1.1.*1. Isothermal Section of the Ti-Zr-.B System

at 1580*C
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Figure Ill.1. 1. 11. Isothermal Section of the Ti-Zr-B System
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K. TERNARY TRANSITION METAL-BORON-CAR BON SYSTEMS
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